Charoenphandhu N, Nakkrasae L, Kraidith K, Teerapornpuntakit J, Thongchote K, Thongon N, Krishnamra N. Two-step stimulation of intestinal Ca 2ϩ absorption during lactation by longterm prolactin exposure and suckling-induced prolactin surge.
2ϩ absorption serves to provide Ca 2ϩ for fetal development and lactogenesis; however, the responsible hormone and its mechanisms remain elusive. We elucidated herein that prolactin (PRL) markedly stimulated the transcellular and paracellular Ca 2ϩ transport in the duodenum of pregnant and lactating rats as well as in Caco-2 monolayer in a two-step manner. Specifically, a long-term exposure to PRL in pregnancy and lactation induced an adaptation in duodenal cells at genomic levels by upregulating the expression of genes related to transcellular transport, e.g., TRPV5/6 and calbindin-D9k, and the paracellular transport, e.g., claudin-3, thereby raising Ca 2ϩ absorption rate to a new "baseline" (Step 1). During suckling, PRL surge further increased Ca 2ϩ absorption to a higher level ( Step 2) in a nongenomic manner to match Ca 2ϩ loss in milk. PRL-enhanced apical Ca 2ϩ uptake was responsible for the increased transcellular transport, whereas PRL-enhanced paracellular transport required claudin-15, which regulated epithelial cation selectivity and paracellular Ca 2ϩ movement. Such nongenomic PRL actions were mediated by phosphoinositide 3-kinase, protein kinase C, and RhoA-associated coiled-coil-forming kinase pathways. In conclusion, two-step stimulation of intestinal Ca 2ϩ absorption resulted from long-term PRL exposure, which upregulated Ca 2ϩ transporter genes to elevate the transport baseline, and the suckling-induced transient PRL surge, which further increased Ca 2ϩ transport to the maximal capacity. The present findings also suggested that Ca 2ϩ supplementation at 15-30 min prior to breastfeeding may best benefit the lactating mother, since more Ca 2ϩ could be absorbed as a result of the suckling-induced PRL surge. calcium transport; lactating rats; pituitary transplantation; pregnancy; small interfering RNA A TREMENDOUS AMOUNT of maternal Ca 2ϩ (Ͼ200 mg/day) is lost during pregnancy and lactation for fetal growth and milk production, thereby leading to severe negative Ca 2ϩ balance and progressive osteopenia in mothers (12, 29) . Therefore, adequate oral Ca 2ϩ intake is of critical importance for the maintenance of fetomaternal bone health (29, 30) . How intestinal Ca 2ϩ absorption is regulated during these reproductive periods is still elusive, but it is known to be 1,25(OH) 2 D 3 independent (16, 26) . Our previous investigations in nulliparous rats and Caco-2 monolayer indicated that the lactogenic hormone prolactin (PRL) markedly enhanced the transepithelial Ca 2ϩ transport through signaling pathways involving phosphoinositide 3-kinase (PI3K) as well as two serine/threonine kinases, namely protein kinase C (PKC) and RhoA-associated coiled-coil-forming kinase (ROCK) (20, 34, 35) . Despite the markedly elevated plasma PRL levels during pregnancy (75-100 ng/ml), lactation (200 -300 ng/ml), and suckling (400 -650 ng/ml), i.e., Ͼ10 times the normal levels (7-10 ng/ml), physiological significances of the PRL-enhanced intestinal Ca 2ϩ absorption in pregnancy and lactation have never been elucidated.
Generally, Ca 2ϩ traverses the intestinal epithelium via transcellular and paracellular pathways (14) . Transcellular active Ca 2ϩ transport is a three-step metabolically energized process consisting of apical Ca 2ϩ entry via the transient receptor potential vanilloid family Ca 2ϩ channels (TRPV) 5/6 and L-type voltage-dependent Ca 2ϩ channels (Ca v ), cytoplasmic Ca 2ϩ translocation in a calbindin-D 9k -bound form, and basolateral Ca 2ϩ extrusion via plasma membrane Ca 2ϩ -ATPase (PMCA 1b ) (18, 35) . In contrast, the paracellular passive Ca 2ϩ transport, which is dependent on the transepithelial Ca 2ϩ gradient, does not occur when both sides of the epithelium contain equal Ca 2ϩ concentration (14, 35) but may increase with a decrease in transepithelial resistance. Paracellular ion movement is normally regulated by the size-and chargeselective properties of the tight junction, which contains several charge-selective claudin proteins arranged in arrays of channel-like barriers (38) . A number of claudins, such as claudin-2, -3, -8, -10, -12, and -15, were found to be cation selective (1, 15, 39, 40) . Several mediators, e.g., PKA, PKC, PI3K, and ROCK, can modulate paracellular permselectivity in part via claudin phosphorylation (2, 11, 19, 31, 34) .
Although PRL was reported to stimulate both transcellular and paracellular Ca 2ϩ transport in ex vivo duodenal tissues (7), there was a disparity among results obtained from different models of PRL exposure. In the 4-wk anterior pituitary (AP)-grafted rats with sustained plasma PRL of 90 -100 ng/ml comparable with the levels attained during pregnancy, the marked increase in duodenal Ca 2ϩ transport was long lasting and was observed in PRL-free solution (36) . In contrast, ex vivo duodenal tissue exhibited an abrupt increase in Ca 2ϩ transport only when directly exposed to a much higher PRL concentration (Ͼ400 ng/ml) comparable with the levels of suckling-induced PRL surge (20) . It is thus hypothesized that a modest hyperprolactinemia during pregnancy and lactation leads to a long-lasting adaptation in the intestinal absorptive cells to enhance Ca 2ϩ absorption, whereas PRL surge after intermittent suckling rapidly but transiently induces a further increase in Ca 2ϩ absorption. Therefore, the objectives of the present study were 1) to elucidate the physiological significance of PRL in the regulation of intestinal Ca 2ϩ absorption during pregnancy, lactation, and suckling and 2) to demonstrate possible mechanisms and signaling pathways of the PRL-enhanced intestinal Ca 2ϩ transport. Duodenum was used in this study because it is the efficient site for both transcellular and paracellular Ca 2ϩ transport (18) . In some experiments, human colorectal adenocarcinoma Caco-2 monolayer, a standard model for Ca 2ϩ absorption study, was used since it can be genetically manipulated and has functional properties similar to the small intestinal cells (6, 44, 45) .
MATERIALS AND METHODS
Animals. Pregnant and age-matched nulliparous Sprague-Dawley rats were obtained from the National Laboratory Animal Centre (Nakhon Pathom, Thailand). They were housed in the husbandry unit for Ն7 days prior to the experiments and were fed standard pellets and distilled water ad libitum. After delivery, the litter size was adjusted to 8 pups/dam. On the experimental day, pups were separated from the dam (Ϫsuckling) for 2 h before Ca 2ϩ flux study. As for the suckling group (ϩsuckling), pups were returned to the dam after 2-h separation, and suckling was allowed for 30 min before Ca 2ϩ flux study. Milk volume was calculated from the weight of pups before and after suckling and milk density of 1.61 g/ml. In some experiments, dams were injected daily with bromocriptine and/or PRL subcutaneously (purified from ovine pituitary gland, catalog no. L6520; Sigma) for 7 days or given single injections 1 h prior to the experiment. This study was approved by the Animal Care and Use Committee of the Faculty of Science, Mahidol University.
Cell culture. Caco-2 cells (American Type Culture Collection no. HTB-37) were grown in Dulbecco's modified Eagle medium (Sigma) supplemented with 15% fetal bovine serum, 1% L-glutamine, 1% nonessential amino acid, 100 U/ml penicillin-streptomycin, and 0.25 l/ml amphotericin B. Confluent Caco-2 monolayers were prepared by seeding cells (5 ϫ 10 5 cells/cm 2 ) on polyester Snapwell with 12-mm diameter and 0.4-m pore size (Corning). Culture medium was changed daily after 48 h of seeding. Monolayers were incubated at 37°C for 14 days in a humidified atmosphere containing 5% CO 2. To investigate PRL effects on Ca 2ϩ transport, Caco-2 monolayer was exposed to 600 ng/ml recombinant human PRL (rhPRL; purity Ͼ97%, catalog no. 682-PL; R & D Systems), the most effective concentration reported by Jantarajit et al. (20) .
Small interfering RNA transfection. Small interfering RNA (siRNA) oligonucleotides targeted for long isoform of human PRL receptor (PRLR-L; 5Ј-GGGCUAUAGCAUGGUGACCUU-3Ј and 5Ј-GGUCACCAUGCUAUAGCCCUU-3Ј) and claudin-15 (5Ј-GCAAAUACGGCAGAAACGCUU-3Ј and 5Ј-UUCGUUUAUGC-CGUCUUUGCG-3Ј) were designed by siRNA Target Designer 1.51 and synthesized by T7 RiboMax Express RNAi System (Promega). Scramble siRNA (5Ј-GGCGCAAUAAAGCAAGACC-3Ј and 5Ј-GGUCUUGCUUUAUUGCGCC-3Ј), which had no homology to any other genes, was used as a negative control. As described previously (35) , Caco-2 cells were first plated on Snapwell at 5 ϫ 10 5 cells/cm 2 . On day 12 after seeding, in vitro transfection was performed with 10 g/ml polyethyleneimine (PEI) and 1 mol/ml siRNA. On day 14 (i.e., 48 h after transfection), siRNA-treated monolayers were used for the experiments. Efficiency of siRNA was evaluated by quantitative real-time PCR (qRT-PCR). The knockdown protocol was approved by the Institutional Biosafety Committee of Mahidol University. AP transplantation. As described previously (10), two 10-wk-old donor rats were decapitated to collect the pituitary glands, which were immediately transplanted under the renal capsule of a recipient rat (i.e., 2 glands/rat). Sham operation consisted of exposure of the left kidney and a gentle touch of the renal fascia with forceps. Visual examination of the well-vascularized hypophyseal graft and immunohistochemical staining for PRL production were performed at the end 
E610
of the experiments to confirm successful AP transplantation (10) . At 4 wk after transplantation, plasma PRL levels are known to increase to 90 -100 ng/ml (28) .
Surgery and tissue collection. A median laparotomy was performed under 50 mg/kg ip pentobarbitone sodium (Abbott) anesthesia. Duodenal segment was removed and cut longitudinally to expose the mucosa. Duodenal segment was then mounted in a modified Ussing chamber to measure Ca 2ϩ fluxes, as described previously (20) . The tissue was incubated for 20 min in the chamber before the 60-min experiment. For mRNA and protein expression studies, epithelial cells were collected by scraping the mucosal surface with an ice-cold glass slide (10) . Arterial blood (5 ml) was also collected by cardiac puncture.
Determination of serum PRL. Serum PRL concentrations were determined by rat PRL enzyme immunoassay kit (catalog no. A05101; SPI Bio, Massy Cedex, France) according to the manufacturer's instruction. The sensitivity of the assay was 0.4 ng/ml, and the intraand interassay coefficients of variation were 10 and 15%, respectively.
RNA isolation, PCR, and sequencing. By using TRIzol reagent (Invitrogen), total RNA was prepared according to the method of Charoenphandhu et al. (10) . One microgram of total RNA was reverse-transcribed with oligo(dT) 20 primer and iScript kit (Bio-Rad). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a housekeeping gene, served as a control gene to check the consistency of reverse transcription. Primers are presented in Table 1 (9, 20, 34) . Amplification reaction using conventional thermal cycler was performed with GoTaq Green Master Mix (Promega), whereas qRT-PCR using realtime PCR (model MiniOpticon; Bio-Rad) was performed with iQ SYBR Green SuperMix (Bio-Rad) according to the manufacturers' instructions. Relative expression was calculated from the threshold cycle (C T) values by using the 2 Ϫ⌬⌬CT method, and twofold change was considered significant (10) . PCR products were also visualized on a 1.5% agarose gel stained with 1.0 g/ml ethidium bromide under a UV transilluminator (Alpha Innotech). After electrophoresis, PCR products were extracted by HiYield Gel/PCR DNA Extraction kit (Real Biotech, Taipei, Taiwan) and were sequenced by ABI Prism 3100 Genetic Analyzer (Applied Biosystems). qRT-PCR experiments were performed in triplicate.
Immunoprecipitation. Cell lysate was sonicated and incubated at 4°C for 20 min. Thereafter, lysate was incubated for 2 h at 4°C on a rocking platform with 1:1,000 rabbit polyclonal antibodies against claudin-2, -3, -8, -10, -12, or -15 (Santa Cruz Biotechnology). The mixture was then incubated at 4°C for 2 h with EZview Red protein-A affinity gel (Sigma). Beads were washed three times and resuspended in 50 l of buffer containing 20% glycerol, 10% SDS, 1% bromophenol blue, 4% 2-mercaptoethanol, and 0.5 mol/l Tris ⅐ HCl, pH 6.8. Eluted proteins were subjected to Western blot analysis.
Western blot analysis. As described previously (20) , 100-g proteins were separated by SDS-PAGE and transferred to a nitrocellulose membrane (Amersham) by electroblotting. Membranes were blocked at 25°C for 4 h with 5% nonfat milk and were probed overnight at 4°C with 1:1,000 rabbit polyclonal antibodies (Santa Cruz Biotechnology) raised against the conserved extracellular domain of PRLR, claudins, or phosphorylated amino acid residues (i.e., phosphorylated serine, thyrosine, and threonine). Membranes were also reprobed with 1:5,000 anti-␤-actin monoclonal or 1:1,000 anti-claudin polyclonal antibodies (Santa Cruz Biotechnology). After 2-h incubation at 25°C with 1:2,000 secondary antibodies (Santa Cruz Biotechnology), blots were visualized by enhanced chemiluminescence kit (Amersham).
Confocal laser-scanning microscopy. Caco-2 cells were plated on coverslips in six-well culture plates (10 5 cells/cm 2 ) and maintained for 12 days. On day 12, cells were transfected with claudin-15 siRNA. After 48-h incubation, the monolayer was fixed with 100% ethanol for 20 min at Ϫ20°C. After blocking nonspecific bindings, cells were then incubated overnight at 4°C with 1:20 rabbit anti-occludin or claudin-15 polyclonal antibodies (Santa Cruz Biotechnology). They were later rinsed with phosphate-buffered saline (PBS) with Tween-20, pH 7.4, prior to 3-h incubation with 1:300 Alexa fluor 488-conjugated secondary antibody (Molecular Probes) at room temperature. For negative controls, cells were incubated with 3% bovine serum albumin in PBS instead of specific antibody. Images were captured with a FV1000 confocal laser-scanning microscope (Olympus).
Bathing solution for Ussing chamber study. The bathing solution, continuously gassed with humidified 5% CO2 in 95% O2, contained (in mmol/l) 118 NaCl, 4.7 KCl, 1.1 MgCl2, 1.25 CaCl2, 23 NaHCO3, Fig. 1 . A: transcellular Ca 2ϩ transport in the duodenum of pregnant/lactating, suckling, and agematched control rats (n ϭ 5-9). Ca 2ϩ flux was studied at midpregnancy (P14), late pregnancy (P21), early lactation (L7), midlactation (L14), late lactation (L21), and 15-day postweaning (PW). Two-step stimulation of the transcellular Ca 2ϩ transport and the %contribution in L7 rats are depicted. *P Ͻ 0.05 compared with control group; †P Ͻ 0.05 compared with corresponding lactating group. B: transcellular Ca 2ϩ transport in 200 ng/ml recombinant human prolactin (rhPRL)-preincubated Caco-2 monolayer after acute exposure (1 h) to 200 -1,000 ng/ml rhPRL (n ϭ 3-6). Preincubation with 200 ng/ml rhPRL for 48 h was to represent long-term PRL effects in lactation, whereas acute PRL exposure was to mimic PRL surge during suckling. † †P Ͻ 0.01 compared with control group; **P Ͻ 0.01 compared with preincubated group without acute PRL treatment. C and D: paracellular Ca 2ϩ transport in the duodenum of P21, L7, and L7 ϩ suckling rats (n ϭ 5-6/each Ca 2ϩ concentration). Electrical measurement. Potential difference (PD), short-circuit current (Isc), and transepithelial resistance (TER) were determined as previously described (20) . Briefly, a pair of Ag/AgCl electrodes connected to agar bridges (3.0 mol/l KCl per 4 g% agar) was located near each surface of the mounted tissue or Snapwell for measurement of PD. The other ends of the PD-sensing electrodes were connected to a preamplifier (model EVC-4000; World Precision Instruments) and finally to PowerLab 4/30 (AD Instruments). Another pair of Ag/AgCl electrodes was placed at the end of each hemichamber to supply Isc, which was also measured by a PowerLab 4/30 connected in series to EVC-4000 current-generating unit. TER and conductance were calculated by Ohm's equation.
Calcium flux measurement. Ca 2ϩ flux was determined by the method of Charoenphandhu et al. (9) . Briefly, after 20-min incubation, Ussing chamber was filled with fresh bathing solution. One side was 45 CaCl2-containing bathing solution (initial amount of 5 mCi/ml, final specific activity of ϳ450 -500 mCi/mol; Amersham). 45 (9) . Permeability measurement. Permeability of sodium (PNa) and chloride (PCl), which were indicative of charge selectivity, were measured by the dilution potential technique (34) . In brief, duodenal epithelium or Caco-2 monolayer was equilibrated for 20 min in normal bathing solution containing 145 mmol/l NaCl before the apical solution was substituted with 72.5 mmol/l NaCl. Osmolality was maintained by an Fig. 2 . Representative images of mRNA (n ϭ 3; A) and protein expression (n ϭ 3; B) of short (PRLR-S) and long (PRLR-L) isoforms of PRL receptors (PRLR) and PRL (mRNA only) in the duodenum of nonmated control (C), pregnant (P), and lactating (L) rats. GAPDH was a housekeeping gene for PCR study, whereas ␤-actin was a housekeeping gene for Western blot analysis. Liver and muscle served as positive and negative controls, respectively, for PRLR expression. Pituitary gland was a positive control for PRL expression. C and D: transcellular Ca 2ϩ transport in P14 and P21 rats administered with bromocriptine (Br7d) with or without PRL supplementation (Pr7d) for 7 days. *P Ͻ 0.05 compared with control group. Numbers of animals are shown in parentheses. E: transcellular Ca 2ϩ transport in L7 rats with (ϩsuckling) or without suckling (Ϫsuckling). Bromocriptine injection 1 h (Br1h) prior to Ca 2ϩ flux study was to abolish the suckling-induced PRL surge, which was mimicked by concurrent PRL supplementation (Pr1h). In some experiments, duodenal tissues of L7 rats (Ϫsuckling) were acutely exposed to 400 -800 ng/ml PRL in the bathing solution, which resembled acute exposure during PRL surge. To demonstrate PRL-signaling pathways, PRL and inhibitors of gene transcription [50 mol/l 5,6-dichloro-1-␤-D-ribobenzimidazole (DRB)], protein biosynthesis [70 mol/l cycloheximide (CCH)], phosphoinositide 3-kinase (PI3K; 75 mol/l LY-294002), PKC (1 mol/l GF-109203X), or RhoA-associated coiled-coil-forming kinase (ROCK; 1 mol/l Y-27632) were added in the solution. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001 compared with nonmated control group (Basal Ca 2ϩ flux). †P Ͻ 0.05 compared with L7 Ϫsuckling (Step 1 Ca 2ϩ flux). F: serum PRL levels in L7 rats. PRL surge was determined at 30 min postsuckling. *P Ͻ 0.05 compared with L7 Ϫsuckling group. G and H: correlation between Ca 2ϩ fluxes and milk volume in suckling rats. Data were pooled from L7, L14, and L21 rats with (total animals ϭ 14) or without (total animals ϭ 19) Br1h administration. http://ajpendo.physiology.org/ equivalent amount of mannitol. Changes in the PD before and after fluid replacement (i.e., dilution potential) were recorded every 10 s until stable. P Na/PCl was calculated from the dilution potential by using the Goldman-Hodgkin-Katz equation, whereas PNa and PCl were calculated from the transepithelial conductance and PNa/PCl by using Kimizuka-Koketsu equations (34) . Permeability of Ca 2ϩ (PCa) was calculated from the paracellular Ca 2ϩ flux and the difference between apical and basolateral Ca 2ϩ concentrations, as described previously (34) . 45 Ca uptake study. Caco-2 cells were seeded on Snapwells for 12 days. On day 12, in vitro transfection was performed with 10 g/ml PEI and 1 nmol/ml claudin-15 siRNA. Control cells were treated only with PEI. After 48-h incubation, the monolayer was exposed to 600 ng/ml rhPRL for 1 h and then bathed on the apical side with bathing solution containing 16,000 counts ⅐ min Ϫ1 ⅐ 100 l Ϫ1 45 CaCl2 for 2 min before harvesting. 45 Ca radioactivity was analyzed by liquid scintillation spectrophotometer.
Statistical analysis. Results are expressed as means Ϯ SE. Two sets of data were compared using the unpaired Student t-test. One-way analysis of variance with Dunnett's multiple comparison test was used for multiple sets of data. Linear regression with slope analysis was performed for correlation study. The level of significance was P Ͻ 0.05. Data were analyzed by GraphPad Prism 4.0 (GraphPad Software, San Diego, CA).
RESULTS

Two-step stimulation of duodenal Ca
2ϩ absorption during pregnancy and lactation. Transepithelial Ca 2ϩ transport was investigated in primiparous rats at different reproductive phases, i.e., midpregnancy (day 14; P14), late pregnancy (day 21; P21), early lactation (day 7; L7), midlactation (day 14; L14), late lactation (day 21; L21), and 15-day postweaning (PW), as well as in their age-matched nulliparous controls. Lactating rats were separated from pups for 2 h prior to Ca 2ϩ flux study. As demonstrated by Ussing chamber technique (Fig. 1A) , the transcellular Ca 2ϩ transport was increased significantly in pregnancy and lactation, but not PW, to a new "baseline" level (Step 1). Thirty-minute suckling further increased the transcellular Ca 2ϩ transport to a new level above the elevated baseline (Step 2). In L7 rats, Step 1 and Step 2 Ca 2ϩ fluxes contributed ϳ32 and ϳ42%, respectively, to the total transcellular Ca 2ϩ flux (Fig. 1A) . Similarly, Caco-2 monolayer preincubated with 200 ng/ml rhPRL (dissolved in culture medium) for 48 h to represent long-term PRL exposure later exhibited 90% increase in the transcellular Ca 2ϩ transport, although bathing solution in Ussing chamber contained no rhPRL (Fig. 1B) . Acute exposure of preincubated Caco-2 monolayer to 200 -1,000 ng/ml rhPRL (dissolved in bathing solution) further enhanced the transcellular Ca 2ϩ transport in a dose-response manner. However, without 48-h preincubation, 200 ng/ml rhPRL in bathing solution was unable to stimulate Ca 2ϩ transport (Fig. 1B) .
The paracellular Ca 2ϩ transport was also enhanced in P21 rats (Fig. 1C) . Furthermore, consistent with the transcellular Fig. 3 . A and B: permeability of Ca 2ϩ (PCa) in the duodenum of pregnant, lactating, and suckling rats (n ϭ 5-6/each Ca 2ϩ concentration) plotted against Ca 2ϩ concentration differences between apical and basolateral compartments (⌬calcium). C: paracellular Ca 2ϩ fluxes measured in the presence of 10 mmol/l apical Ca 2ϩ in the duodenum of P21 rats. D: permeability of sodium/chloride (PNa/PCl) as an indicator of charge selectivity in the duodenum of P21 rats. E and F: paracellular duodenal Ca 2ϩ transport and PNa/PCl in L7 rats with or without suckling. In some experiments, L7 rats were administered with Br7d or Br1h to suppress chronic PRL secretion and suckling-induced PRL surge, respectively. PRL signalings were investigated by exposing 600 ng/ml PRL-treated L7 duodenal tissues to various inhibitors. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001 compared with control group (Basal). †P Ͻ 0.05 compared with L7 Ϫsuckling (Step 1). Numbers in parentheses represent the number of rats. transport, the two-step stimulation of the paracellular Ca 2ϩ transport was similarly observed in L7 rats (Fig. 1D) .
PRL as a regulator of transcellular Ca 2ϩ transport during pregnancy and lactation. To find out whether PRL was the key regulator of the two-step increase in Ca 2ϩ transport in lactating animals, the presence of PRLR was first investigated in the duodenal epithelial cells of P21, L7, and control rats. By using conventional PCR ( Fig. 2A) and Western blot analysis (Fig.  2B) , short (PRLR-S) and long (PRLR-L) isoforms of PRLR were identified, confirming the duodenum as a target of PRL. Figure 2A also shows that duodenal cells did not express endogenous PRL; i.e., the observed PRL effects were due to circulating PRL.
In P14 and P21 rats, 7-day administration of 4 mg⅐kg Ϫ1 ⅐day Ϫ1 sc bromocriptine (Br7d), an inhibitor of pituitary PRL secretion, completely abolished the pregnancy-enhanced transcellular Ca 2ϩ transport (Step 1), whereas exogenous PRL supplementation [0.6 mg ⅐kg Ϫ1 ⅐day Ϫ1 sc for 7 days (Pr7d)] totally reversed the bromocriptine effects (Fig. 2, C and D) . Inhibition of Step 1 Ca 2ϩ transport by Br7d was also observed in L7 (Fig.  2E) , L14, and L21 rats (data not shown). Interestingly, in L7 rats with suckling, a single dose of 4 mg/kg bromocriptine administered 1 h before suckling (Br1h) completely abolished PRL surge (Fig. 2F) as well as the Step 2 transcellular Ca 2ϩ transport (Fig. 2E) , which was restored by a single dose of PRL [0.6 mg/kg sc (Pr1h)]. In addition, there was a strong correlation between the volume of milk ingested by pups and Ca 2ϩ absorption during suckling (Fig. 2G) . Such correlation became less significant after Br1h administration (Fig. 2H) , suggesting that PRL surge may be the signal to match Ca 2ϩ absorption with Ca 2ϩ loss in milk. The enhanced Ca 2ϩ transport by the suckling-induced PRL surge could be mimicked in vitro by incubating an ex vivo duodenal tissue from L7 rats in bathing solution containing 600 and 800 but not 400 and 500 ng/ml PRL (Fig. 2E) . The acute stimulatory effect of 600 ng/ml PRL was not abolished by inhibitors of gene transcription (50 mol/l DRB) or protein biosynthesis (70 mol/l cycloheximide) (Fig. 2E) Fig. 3, A and B) , whereas it decreased the TER (Supplemental Fig. S1, A and B ; Supplemental Material for this article is available at the AJP-Endocrinology and Metabolism web site) of the duodenal epithelium. Suckling further increased P Ca above the baseline level in lactation (Fig.  3B) . The findings that decreases in TER that accompanied the increased Ca 2ϩ transport were abolished by Br7d and then restored by Pr7d ( Supplemental Fig. S1, A and B ) strongly suggested that PRL was responsible for these responses. Further studies in P21 rats demonstrated that long-term PRL exposure markedly stimulated the gradient-dependent paracellular passive Ca 2ϩ flux (Fig. 3C ) in part by increasing the cation selectivity of the paracellular space, as indicated by the permeability ratio of sodium/chloride (P Na /P Cl ) (Fig. 3D) . The PRL-induced increase in P Na /P Cl in pregnancy resulted from an increase in P Na , without a change in P Cl (Supplemental Fig. S1, C and D) .
Long-term PRL exposure during lactation also stimulated the paracellular Ca 2ϩ transport (Fig. 3E ) and increased P Na /P Cl (Fig. 3F) by raising P Na (Supplemental Fig. S1E ), without affecting P Cl (Supplemental Fig. S1F ). Suckling-induced PRL surge further increased the paracellular Ca 2ϩ flux, P Na /P Cl , and P Na above the baseline levels in lactation. Acute effects of direct exposure to 600 ng/ml PRL, which mimicked the suckling-induced PRL surge, were totally diminished by inhibitors of PI3K and ROCK, but not by PKC inhibitor (Fig. 3, E and F, and Supplemental Fig. S1, E and F) . These findings corroborated that the acute effects of PRL surge on the paracellular Ca 2ϩ transport (Step 2) and charge selectivity in lactating rats were mediated by nongenomic PI3K and ROCK pathways.
Claudin-15 was essential for the PRL-stimulated paracellular Ca
2ϩ transport. Since PRL augmented the paracellular Ca 2ϩ transport by altering the charge selectivity of duodenal epithelium, it was possible that PRL may have changed the properties of certain charge-selective proteins of the claudin family. Generally, alterations of claudin functions are regulated by phosphorylation (11, 19) . Therefore, we determined the amount of phosphorylated claudins in 600 ng/ml rhPRL-exposed Caco-2 monolayer by immunoprecipitation technique. The results showed that PRL induced serine phosphorylation of claudin-15 but not claudin-2, -3, -8, -10, or -12 (Fig. 4A) . Serine phosphorylation of claudin-15 was prevented by PI3K and ROCK inhibitors as well as PRLR-L knockdown using siRNA (Fig. 4B) . PRL was without effect on tyrosine or threonine phosphorylation of claudin-15 (Fig. 4C) . PRLR-L siRNA did not interfere with PRLR-S or claudin-15 expression (Fig. 5A) .
To verify the involvement of claudin-15 in the PRL-stimulated paracellular Ca 2ϩ transport, Caco-2 monolayer was subjected to claudin-15 siRNA transfection. Claudin-15 knockdown markedly reduced mRNA expression, protein expression, and membrane localization of claudin-15 (Fig. 5, B-F) , as demonstrated by qRT-PCR, Western blot analysis, and confocal laser-scanning microscopic techniques, respectively. Claudin-15 siRNA did not alter the expression of claudin-2, -3, -8, -10, -12, or occludin (Fig. 5, C-F) . Scrambled siRNA and transfecting agent (10 g/ml PEI) had no effect on claudin-15 expression (Fig. 5B) . Ussing chamber study of normal Caco-2 monolayer showed that 600 ng/ml rhPRL markedly increased the paracellular Ca 2ϩ transport (Fig. 6A ) and P Ca (Fig. 6B) , whereas it decreased TER (Fig. 6C) , similar to what was observed in the duodenum of lactating rats. This PRL-enhanced paracellular Ca 2ϩ transport could be explained by a large increase in cation selectivity (P Na /P Cl and P Na ) and a slight decrease in P Cl (Fig. 6D and Supplemental Fig. S2, A  and B) . Moreover, PRL effects on the paracellular Ca 2ϩ flux, P Ca , TER, P Na /P Cl , and P Na were diminished after claudin-15 knockdown (Fig. 6, A-D, and Supplemental Fig. S2A ). Since B: Cldn-15 expression normalized by GAPDH expression in Cldn-15 siRNA-treated Caco-2 monolayers. Some monolayers were also exposed to 600 ng/ml rhPRL for 1 h before qRT-PCR study. Representative electrophoretic bands of Cldn-15 from conventional PCR were also illustrated along with those of GAPDH (36 cycles). ***P Ͻ 0.001 compared with control (open bar). C-E: mRNA and protein expression of Cldn-2, -3, -8, -10, -12, and -15, as demonstrated by qRT-PCR and Western blot analysis, respectively, in Cldn-15 siRNA-treated Caco-2 monolayers. Cldn protein expression was normalized by ␤-actin expression. *P Ͻ 0.05 compared with corresponding control. F: localization of tight junction protein occludin and Cldn-15 in control (no treatment), PEI-treated, and Cldn-15 siRNA-treated Caco-2 monolayers, as demonstrated by confocal laser-scanning microscopic technique. Cldn-15 fluorescent signals were detected on the lateral membrane of control and PEI-treated monolayers but not in Cldn-15 siRNA-treated monolayer. Cldn-15 knockdown had no effect on occludin localization. Scale bars, 10 m.
PI3K and ROCK inhibitors did not further increase TER (Fig.  6C ) or further decrease P Na /P Cl and P Na (Fig. 6D and Supplemental Fig. S2A ), the cation-selective claudin-15 might be a target of both mediators.
PRL stimulated apical Ca 2ϩ uptake. To determine the effect of PRL on Ca 2ϩ entry, which is the first step of the transcellular Ca 2ϩ transport, 45 Ca uptake study was performed in Caco-2 monolayer. Two minutes after 45 Ca-containing medium was added to the apical compartment, the PRL-stimulated Ca 2ϩ uptake of comparable rates was observed in both native and claudin-15 knockdown Caco-2 monolayers (Fig.  6E) , suggesting that acute PRL exposure stimulated the transcellular Ca 2ϩ transport by enhancing apical Ca 2ϩ uptake. Long-term PRL exposure altered the expression of genes related to Ca 2ϩ transport and permselectivity. Besides nongenomic actions induced by transient PRL surge during suckling, chronic PRL exposure during pregnancy and lactation may induce long-lasting adaptations to enhance Ca 2ϩ absorption, e.g., upregulation of certain Ca 2ϩ transporter genes. Thus, the Step 1 Ca 2ϩ transport was completely diminished by Br7d but not by Br1h (Fig. 2E) . This hypothesis was confirmed by using nulliparous rats transplanted with two extra AP glands under the renal fascia. In the absence of hypothalamic inhibition, the AP grafts continuously released PRL but not other AP hormones that, in contrast, required hypothalamic stimulation. The AP-grafted rats were hyperprolactinemic with reported plasma PRL levels of ϳ90 -100 ng/ml, comparable with the levels attained during pregnancy (28) . PRL synthesis in AP grafts was confirmed by immunohistochemistry (Fig. 7, A  and B) .
Four weeks after AP transplantation, hyperprolactinemia led to upregulation of several genes involved in Ca 2ϩ transport, i.e., TRPV5, TRPV6, calbindin-D 9k , and claudin-3 (9, 18), whereas the tight junction genes ZO-1 and occludin were downregulated (Fig. 7C) .
DISCUSSION
The question of what factor enhances the intestinal Ca 2ϩ absorption to mitigate negative Ca 2ϩ balance and optimize fetomaternal Ca 2ϩ homeostasis in pregnancy and lactation has remained enigmatic for decades. In humans, mothers lose ϳ200 -300 and ϳ300 -400 mg of Ca 2ϩ each day during pregnancy and lactation, respectively, thereby leading to an ϳ10% decrease in total bone mass (29) . Rodents with a litter of 8 -10 pups may lose up to 20% of their skeletal mass in milk 45 Ca uptake at 2 min in native (PEI-treated) and Cldn-15 knockdown Caco-2 monolayers directly exposed to rhPRL. *P Ͻ 0.05 and **P Ͻ 0.01 compared with its respective control group. Numbers in parentheses represent the number of independent experiments. production (27) . With such high Ca 2ϩ loss, it is surprising that intestinal Ca 2ϩ absorption during pregnancy and lactation is 1,25(OH) 2 D 3 independent and does not correlate with the levels of other Ca 2ϩ -regulating hormones, namely parathyroid hormone (PTH), PTH-related peptide, calcitonin, and estrogen (14, 29) . Herein, we elucidated for the first time that PRL is a novel Ca 2ϩ -regulating hormone that induces a two-step stimulation of Ca 2ϩ absorption during pregnancy, lactation, and suckling. Therefore, PRL is essentially a regulator of Ca 2ϩ balance by controlling both input (i.e., provision of Ca 2ϩ ) and output (i.e., lactogenesis) of Ca 2ϩ in these reproductive phases. Long-term PRL exposure over a period of several days led to an adaptive elevation of the basal intestinal Ca 2ϩ transport to a new baseline (Step 1). This adaptation occurred at genomic levels through alteration of gene expression and was abolished by Br7d but not Br1h. In suckling rats (ϩsuckling), Br1h could only decrease Step 2 Ca 2ϩ transport to Step 1 level without further decreasing Step 1 Ca 2ϩ transport (Fig. 2E) . van Cromphaut et al. (37) previously showed that upregulation of TRPV6, calbindin-D 9k , and PMCA 1b could account for the enhanced transcellular Ca 2ϩ absorption in the duodenum of pregnant and lactating mice. Similarly, the present findings showed PRL-induced upregulation of TRPV5, TRPV6, and calbindin-D 9k in the duodenal cells of AP-grafted rats, which was consistent with an earlier report of a 25% upregulation of duodenal calbindin-D 9k by 9-day administration of PRL (5) . Moreover, our previous genome-wide study in the rat duodenum by microarray indicated the PRL-induced increases in the expression of other Ca 2ϩ transporter genes, namely Ca v and parvalbumin, which may also contribute to the enhanced transcellular Ca 2ϩ absorption (4, 10). Upregulation of these Ca 2ϩ transporter genes, i.e., TRPV5, TRPV6, and Ca v for apical Ca 2ϩ uptake or calbindin-D 9k and parvalbumin for cytoplasmic diffusion, stressed the importance of adequate Ca 2ϩ supply for fetal development and lactogenesis. Such redundancy also explains why TRPV6/calbindin-D 9k double-knockout mice were normocalcemic and still exhibited transcellular active Ca 2ϩ absorption (3). The
Step 1 enhancement of the paracellular Ca 2ϩ absorption appeared to involve the PRL-induced downregulation of occludin and ZO-1, both of which are important for the tight junction assembly, size-selective paracellular permeability, and maintenance of transepithelial resistance (13, 41) . A decrease in transepithelial resistance after long-term PRL exposure in P21 and L7 rats (Supplemental Fig. S1, A and B) suggested possible enlargement of paracellular pores for passage of small solutes. In addition to the size selectivity, long-term PRL exposure also altered the charge selectivity of the paracellular barriers to favor cations over anions (i.e., an increase in P Na /P Cl ; Fig. 3, D and F) , which was consistent with the PRL-induced upregulation of cation-selective tight junction gene claudin-3. Previous investigations provided evidence that duodenal claudin-3 expression was 1,25(OH) 2 D 3 dependent (23), and its upregulation was associated with conditions of increased intestinal Ca 2ϩ absorption, e.g., chronic metabolic acidosis (9) . Although PRL augmented both transcellular and paracellular components of Step 1 Ca 2ϩ absorption, the latter may be of greater physiological significance since, under normal luminal Ca 2ϩ concentration of ϳ2-6 mmol/l (42), the paracellular Ca 2ϩ flux was about three times greater than the transcellular flux (i.e., ϳ150 vs. ϳ50 nmol ⅐h Ϫ1 ⅐cm Ϫ2 ). Nevertheless, transcellular active Ca 2ϩ transport may become significant in low dietary Ca 2ϩ intake condition. The present results (Fig. 2) , together with previous findings by Tudpor et al. (36) , suggested that chronic PRL effects on the intestinal Ca 2ϩ absorption (Step 1) were seen at plasma PRL concentrations ϳ100 -200 ng/ml, as in pregnancy and lactation. In contrast, the acute stimulatory effect on Ca 2ϩ absorption required ϳ400 ng/ml PRL, as attained during the suckling-induced PRL surge (Fig. 2F ). This acute effect, which was superimposed on chronic PRL action, was responsible for the Step 2 transcellular and paracellular Ca 2ϩ transport and could also be mimicked in vitro in Caco-2 monolayer (Fig. 1B) and in 600 -800 ng/ml PRLexposed duodenum of L7 rats (Fig. 2E) . Moreover, the significant correlation between the suckling-enhanced transcellular Ca 2ϩ flux and milk volume was suggestive of the orchestrating role of PRL in matching Ca 2ϩ absorption to Ca 2ϩ loss in milk.
Regarding the mechanisms of acute PRL action, it has been reported that PRL stimulated PMCA activity in purified basolateral membrane of the rat duodenum, thereby enhancing Ca 2ϩ extrusion (8) . Moreover, consistent with the previous report (35) , the Step 2 transcellular Ca 2ϩ transport also resulted from the PRL-enhanced apical Ca 2ϩ entry, particularly via Ca v 1.3. However, further in vivo investigation is required to confirm that the mechanisms by which PRL enhanced apical Ca 2ϩ entry in the Step 1 and Step 2 transcellular Ca 2ϩ transport were different, i.e., TRPV5/6 for Step 1 and Ca v 1.3 for Step 2. On the other hand, the Step 2 paracellular Ca 2ϩ transport was likely to be dependent on phosphorylation of certain chargeselective claudins. Ikari et al. (19) revealed that serine phosphorylation of the kidney-specific claudin-16 by protein kinase A was crucial for Mg 2ϩ reabsorption in the thick ascending limb of the loop of Henle. Although a number of claudins, e.g., claudin-3, -8, and -10, were cation selective (1, 39, 40) , and some, e.g., claudin-2 and -12, were required for the 1,25(OH) 2 D 3 -stimulated Ca 2ϩ absorption (15) , only claudin-15 was essential for the PRL-induced increases in the paracellular Ca 2ϩ transport, cation selectivity, and Ca 2ϩ permeability as well as the decrease in transepithelial resistance (Fig. 6, A-D) . Since claudin-15 possesses several negatively charged amino acids on the first extracellular loop for cation permeability (39), it was not surprising to find that P Na , but not P Cl , was markedly increased by PRL. The significance of claudin-15 was demonstrated recently in claudin-15-knockout mice that exhibited a decrease in the paracellular ion permeability and enlargement of the small intestine (33) . Since claudin-15 mRNA was not upregulated in the long-term PRLexposed duodenal epithelial cells, claudin-15 may be important only for the Step 2 paracellular Ca 2ϩ transport or nongenomic PRL action. Alternatively, long-term exposure to PRL may increase protein expression and/or activity of claudin-15 without an increase in claudin-15 mRNA expression.
Since we found previously that PRLR-L knockdown diminished the transcellular Ca 2ϩ transport in Caco-2 monolayer (34), and PRLR-L knockdown in this study completely abolished the PRL-induced claudin-15 phosphorylation, it was likely that the PRL-enhanced Ca 2ϩ absorption was mediated by PRLR-L despite the fact that both PRLR-L and -S were expressed in duodenal epithelial cells of pregnant and lactating rats and in Caco-2 monolayer. This was consistent with the PRL-induced increases in lactogenesis and electrolyte transport in mammary epithelial cells (25) . Although PRL actions in
Step 1 Ca 2ϩ absorption involved de novo gene transcription and those in Step 2 were, in contrast, nongenomic, their signal transduction should be quite similar since the signals presumably originated from the same receptor isoform.
Step 2 transcellular Ca 2ϩ absorption was mediated by PI3K, PKC, and ROCK, whereas claudin-15 phosphorylation and paracellular Ca 2ϩ transport were dependent only on PI3K and ROCK, similar to that in the duodenum of nulliparous rat (20) . However, PI3K, PKC, and ROCK are closely associated since both PKC and ROCK are downstream from PI3K (17) . The ROCKrelated pathway of PRL signaling was also reported in endothelial cells (24) , whereas the PKC pathway mediated PRL actions in adrenocortical cells (21) and cholangiocytes (32) . In the small intestine, PKC activation is known to be important for both apical Ca 2ϩ entry and basolateral Ca 2ϩ extrusion (22) , presumably via phosphorylation of TRPV6 and PMCA, respectively. Interestingly, PRL signaling in the small intestine was independent of Janus kinase 2, an important mediator of PRL in mammary epithelial cells (43) .
In conclusion, we elucidated the complexity of PRL-induced stimulation of intestinal Ca 2ϩ absorption in pregnancy and lactation and demonstrated a two-step stimulation in suckling. Long-term PRL exposure led to adaptations of intestinal cells at genomic levels to upregulate several Ca 2ϩ transport genes, thereby raising the "baseline" Ca 2ϩ absorption (Step 1). During suckling, transient PRL surge further increased Ca 2ϩ absorption (Step 2) within 30 min to the maximal capacity, which apparently matched Ca 2ϩ loss in milk. The PRL-stimulated Step 2 Ca 2ϩ transport occurred via both transcellular and paracellular pathways in a PI3K/PKC/ROCK-dependent manner in part by increasing apical Ca 2ϩ uptake and claudin-15 phosphorylation, respectively. Thus, the present findings provide significant fundamental knowledge for physiological, nutraceutical, and medical scientists to gain more insight into Ca 2ϩ homeostasis in the reproductive periods and for further development of Ca 2ϩ -fortified diet to help alleviate negative Ca 2ϩ balance. The finding that suckling-induced PRL surge considerably increases the efficiency of intestinal Ca 2ϩ absorption may provide direction for health policy. For example, Ca 2ϩ supplementation at 15-30 min prior to breastfeeding may best benefit fetal and maternal Ca 2ϩ metabolism while reducing the incidence of pregnancy-induced osteoporosis.
